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It has recently been shown that cutaneous axon terminals
and epidermal melanocytes make contact via chemical
synapses in human skin and that calcitonin gene-related
peptide (CGRP) induces melanocyte proliferation. To
further clarify the effect of neuropeptides on the biology
and morphology of melanocytes, especially with respect
to melanogenesis and melanocyte dendricity, organ cul-
tures of normal human skin and cultured melanocytes
were exposed to various neuropeptides present in intra-
epidermal nerve endings. Of the neuropeptides examined,
skin exposed to CGRP in organ culture showed increases
in melanocyte number, epidermal melanin content,
melanosome number, and degree of melanization. CGRP
alone had no significant effect on melanogenesis of
cultured melanocytes, whereas the addition of medium
The epidermal melanin unit consists of the symbioticinteraction of a melanocyte and an associated pool ofkeratinocytes, and it has been estimated that approxi-mately 36 keratinocytes of the basal and suprabasal layersinteract with a single melanocyte in the epidermis
(Jimbow, 1993). Melanosomes synthesized within melanocytes are
transferred to keratinocytes through melanocyte dendrites, resulting in
a constant supply of melanin in the epidermis. In the epidermal
melanin unit, several keratinocyte-derived cytokines and inflammatory
mediators affect melanocyte migration, proliferation, and differenti-
ation. Endothelin-1, known to be a cytokine of keratinocyte origin
(Imokawa et al, 1992; Yohn et al, 1993), has been shown to enhance
melanocyte proliferation and tyrosinase activity (Yada et al, 1991), as
well as melanocyte dendricity (Hara et al, 1995). It has also been
reported that nerve growth factor (NGF), which is crucial to the
development and maintenance of the peripheral nervous system, is
secreted from keratinocytes (Tron et al, 1990; Yaar et al, 1991; Di
Marco et al, 1991; Paus et al, 1994) and is a potent inducer of
melanocyte dendricity (Yaar et al, 1991) as well as a survival factor for
ultraviolet-damaged melanocytes (Zhai et al, 1996).
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conditioned by CGRP-stimulated keratinocytes (CGRP-
KCM) induced melanogenesis as indicated by bio-
chemical assays of tyrosinase activity and melanin
content. Furthermore, CGRP-KCM significantly
enhanced melanocyte dendricity, a crucial factor affecting
epidermal pigmentation. These findings suggest that
keratinocytes produce and secrete some melanotrophic
factors following stimulation with CGRP, which modu-
late growth, melanin synthesis, and dendricity of melano-
cytes. These data demonstrate intimate interactions
between the cutaneous nervous system and melanocytes
within the epidermal environment. Key words: epidermal
melanin unit/melanocytes/nerve growth factor/neuropeptides.
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Skin is innervated primarily by sensory as well as postganglionic
parasympathetic and sympathetic nerves. The epidermis is innervated
by a three-dimensional network of unmyelinated fine nerve fibers with
free-branching endings that arise in the dermis. Sensory nerves have
been shown to function as an efferent system to stimulate target tissue
by secreting several kinds of neuropeptides through their branches, in
addition to their afferent function (Maggi and Meli, 1988). Ample
evidence suggests that intraepidermal nerves participate in epidermal
homeostasis as well as in the pathogenesis of certain skin diseases
through the release of neuropeptides (Pincelli et al, 1993; Scholzen
et al, 1998). It is known that neurokinin A and calcitonin gene-related
peptide (CGRP) induce keratinocyte proliferation, that substance P
(SP) induces cytokine release from keratinocytes, and that CGRP also
modulates Langerhans cell functions (Hosoi et al, 1993; Scholzen et al,
1998; Lambert and Granstein, 1998). The control of melanocyte
function by the cutaneous nervous system has been poorly understood;
however, using immunohistochemistry and electron microscopy, we
have recently demonstrated an intimate physical connection of intra-
epidermal axon terminal to human epidermal melanocytes (Hara et al,
1996). The sites of contact between nerve axons and melanocytes are
characterized by synapse-like specialization, including thickening of
pre- or post-synaptic plasma membranes and submembranes aggregation
of vesicles, similar to synaptic structures in the nervous system. In
addition, we have shown that CGRP upregulates DNA synthesis and
proliferation of melanocytes. Increased intracellular cAMP levels in
melanocytes after exposure to CGRP, which is known to mediate its
effects through the cAMP pathway, further support a direct action of
CGRP on melanocytes (Hara et al, 1996). One of the major functions
of melanocytes is to synthesize melanin and it is well established that
melanin synthesis is largely regulated by tyrosinase, the rate-limiting
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Figure 1. CGRP increases melanin
content and melanocyte number within
the epidermis of human skin in organ
culture. Normal human skin explants were
cultured in medium alone (a–c) or in medium
containing 100 nM CGRP (d–f) for 72 h,
and then were processed for hematoxylin and
eosin staining (a, d), Fontana Masson staining
(b, e), or for Dopa reaction (c, f). Donor: 5-
yr-old, foreskin. Scale bar: 50 µm.
enzyme of the melanogenic pathway. When tyrosinase activity was
measured in cultured melanocytes after exposure to various concentra-
tions of CGRP, SP, or vasoactive intestinal peptide (VIP), no significant
effects were noted for any of these neuropeptides (Hara et al, 1996);
however, the effect of neuropeptides on melanogenesis in the epidermal
melanin unit through stimulation of epidermal proliferation and/or
differentiation remains unclear. Moreover, there are no reports on the
effect of neuropeptides on melanocyte dendricity, whereas keratinocyte-
derived growth factors, such as basic fibroblast growth factor (bFGF)
and NGF, are known to contribute to dendrite formation of melanocytes
(Halaban et al, 1988; Yaar et al, 1991).
We herein demonstrate that CGRP stimulates melanocyte prolifera-
tion in organ cultures of normal human skin, which supports our
earlier findings in a pure culture system of melanocytes. Moreover,
melanocytes in organ-cultured skin exposed to CGRP shows increases
in melanosome number and in the degree of melanization of melano-
somes in dose- and time-dependent manners. Furthermore, when
cultured human melanocytes are exposed to medium conditioned by
CGRP-stimulated keratinocytes (CGRP-KCM), melanogenesis, as
measured by tyrosinase activity and melanin content, is upregulated.
Melanocyte dendricity is also enhanced by the addition of CGRP-
KCM. Our results suggest that some factors derived from keratino-
cytes, which appear to be induced by CGRP, may stimulate melano-
genesis and melanocyte dendricity in human skin.
MATERIALS AND METHODS
Reagents and supplies Unless otherwise stated, chemicals and reagents were
obtained from Sigma (St Louis, MO). Normal human epidermal melanocytes
from neonatal foreskin, normal human epidermal keratinocytes from adult
breast skin, Medium 154S, bovine pituitary extract, fetal bovine serum,
transferrin, insulin, hydrocortisone, recombinant human bFGF, heparin and
phorbol myristate acetate were purchased from Kurabo Biomedical Business
(Osaka, Japan). L-[3,5-3H]tyrosine (40–60 Ci per mmol) was obtained from
Amersham (Bucks, U.K.). Human CGRP, SP, VIP, somatostatin (SOM), and
neuropeptide Y (NPY) were purchased from Bachem Bioscience
(Philadelphia, PA). Human recombinant NGF was obtained from Austral
Biologicals (San Ramon, CA). Dulbecco’s modified Eagle’s medium (DMEM),
streptomycin, penicillin, and amphotericin B were obtained from Gibco
(Rockville, MD). Keratinocyte growth medium as purchased from Clonetics
(San Diego, CA). Triton X-100 and phenylmethylsulfonyl fluoride (PMSF)
were obtained from Nacalai Tesque (Kyoto, Japan).
Organ culture Human skin samples were obtained from foreskins of three
children (5–9 y old; mean age, 7.3) circumcised due to phimosis, and from
seven normal-appearing pieces of skin at the edges of biopsies or excisional
skin specimens from subjects between the ages of 5 and 16 (mean age, 10.4),
all of which were taken from photo-protected areas (skin photo-type II) of
different individuals, including three from the upper arm, two from the buttock,
and two from postauricular facial skin. The absence of pathologic changes of
these skin specimens was checked by careful histologic observation. All skin
samples were cut into circular pieces measuring 3 3 3 mm, then placed on 24
well flat-bottom tissue culture plates (Becton Dickinson Labware, Lincoln Park,
NJ) and floated in 1 ml DMEM containing 2 mM glutamine per liter, 100 µg
streptomycin per ml, 100 units penicillin per ml, and 25 ng amphotericin B
per ml. Explant viability in this organ culture system was repeatedly assessed by
ultrastructure and by the ability to induce class II histocompatibility antigen
expression on the surface of keratinocytes and endothelial cells with recombinant
interferon-γ by immunohistochemistry (Matis et al, 1990).
Cell culture Pure melanocyte cultures were established in Medium 154S
containing 0.2% bovine pituitary extract, 0.5% fetal bovine serum, 3 ng
recombinant human bFGF per ml, 5 3 10–7 M hydrocortisone, 5 µg insulin
per ml, 5 µg transferrin, and 3 µg heparin per ml. Antibiotics including 100 µg
streptomycin per ml, 100 units penicillin per ml, and 25 ng amphotericin B
per ml were also added to the medium. Equal numbers of melanocytes (5 3 103
per cm2) were seeded into 12.5 cm2 tissue culture flasks (Becton Dickinson
Labware) and maintained in the melanocyte growth medium mentioned above.
Cells were passaged when melanocytes grew to near confluence (4–5 3 104
cells per cm2), and at the third passage, 1 3105 cells were plated into triplicate
12.5 cm2 flasks. Because bFGF has been shown to have mitogenic and
melanogenic effects on melanocytes (Puri et al, 1996), in experiments to examine
whether bFGF shows synergistic effects with the neuropeptides tested or NGF,
melanocyte cultures were maintained in keratinocyte growth medium containing
0.1 ng epidermal growth factor per ml, 5.0 µg insulin per ml, 0.5 µg
hydrocortisone per ml, 100 µg streptomycin per ml, 100 units penicillin per
ml, and 25 ng amphotericin B per ml. Keratinocyte cultures were also established
in the keratinocyte growth medium (see above).
Supplementation with neuropeptides and NGF The organ skin culture
dishes were immediately supplemented with final concentrations of 10–10,
10–9, 10–8, 10–7, or 10–6 M CGRP, SP, VIP, NPY, SOM, or NGF dissolved
in DMEM in triplicate for each donor. DMEM alone was added as a control
in each experiment. In experiments using normal human melanocyte cultures,
1 wk after 1 3 105 cells were plated in 12.5 cm2 flasks, they were treated with
neuropeptides or NGF. Melanocyte culture dishes were supplemented with
100 nM of NP or NGF. Seventy-two hours later, cells were detached by
incubation for 2 min in 0.05% trypsin/0.02% EDTA, and tyrosinase activity
and melanin content in cell extracts were determined in triplicate for each
neuropeptide or NGF. Keratinocyte cultures were supplemented with 100 nM
of each neuropeptide or NGF, and supernatants were obtained after 24, 48,
and 72 h. Each supernatant was carefully removed and then added to the
melanocyte cultures. Melanocytes were incubated in duplicate in the presence
of 1%, 5%, or 10% (vol/vol) of the keratinocyte supernatant in Medium 154S
containing 100 nM neuropeptide or NGF for 72 h. Cell viability, determined
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Figure 2. Number of Dopa-positive melanocytes and melanin content
in organ-cultured human skin stimulated with neuropeptides or NGF.
(A) Skin explants supplemented with 100 nM neuropeptide or NGF were
processed for Dopa reaction after 72 h, as described in Materials and Methods.
Dopa-positive melanocytes per 1 mm of epidermal length were quantified with
the aid of an image analysis system. (B) Melanin content was examined 72 h
after supplementation with 100 nM neuropeptide or NGF in organ-cultured
human skin and expressed as the percentage of the epidermal area stained with
Fontana Masson stain, as described in Materials and Methods. Data are means6SD
from 10 different donors. Student’s t test was used for analysis of the data.
*Significantly different from control, at p,0.01.
by the trypan blue dye exclusion assay (Friedmann and Gilchrest, 1987), was
always above 95% in these experiments.
Histologic, histochemical, and transmission electron microscopy
procedures Samples were removed every 6 h after starting the organ cultures.
Formalin-fixed, paraffin-embedded sections (4 µm) were stained with hematoxy-
lin and eosin or by the Fontana Masson silver method for melanin. Epidermal
melanin content was evaluated with the aid of an image analysis system
according to a modification of procedures in a previous report (Bhawan et al,
1991). In brief, the video images obtained from a light microscope (Olympus
AH-2) equipped with a camera head (Olympus ITC-370M) were displayed on
a monitor (CDA-201N/CDA-141N) and processed using the installed analysis
system (Olympus CIA-102 color monitoring system) prepared for it. Epidermal
melanin content was determined at 340 magnification by measuring the area
of Fontana Masson-stained material within a measured length of the epidermis
in at least 10 non-serial sections in each skin explant. In the converted analog
images on the monitor, the epidermis was outlined in white by the investigator
and the image analyzer automatically made it possible to recognize Fontana
Masson-stained material as black dots. Epidermal melanin content was then
calculated as the percentage of the epidermal area stained black. For Dopa
reaction, 10 µm cryostat sections were fixed in 10% cold neutral formalin for
1 h, washed three times with 0.1 M phosphate buffer (pH 7.4), and incubated
in 0.1% dihydroxy-phenylalanin (Dopa) in 0.2 M phosphate buffer (pH 7.8)
for 2 h at 37°C. After rinsing, the sections were post-fixed with 0.1% osmium
tetroxide in 0.1 M phosphate buffer (pH 7.4) for 1 h. Dopa-positive melanocytes
per unit area were quantified by actual counting using a constant magnification
(320) of at least 10 non-serial sections in each skin explant, and the mean
number of melanocytes per 1 mm of epidermal length was calculated for
each subject. Representative samples were processed for transmission electron
microscopy using standard techniques.
Quantification of melanosomes in melanocytes Quantitative measure-
ments of melanosomes were performed using a computer-assisted image analysis
system in five randomly selected blocks for electron microscopy in each explant.
For each block, at least 100 melanocytes were assessed using electron micrographs
taken at the same magnification (35000). Careful examination was performed
to avoid duplicating observation of the same melanocyte. The images were
processed using a Macintosh-compatible personal computer, imaging screen,
and image analysis program (NIH) (Toyoda and Morohashi, 1998). The
morphometrical procedure was performed by manually tracing the borders of
cells and nuclei of melanocytes in still frames. For each frame, the tracing was
repeated three times and the mean was used for evaluation; all morphometric
measurements were performed by the same person. The computer calculated
the areas of the cytoplasm of melanocytes from the delineated areas. To quantify
degree of maturation of melanosomes, the number of melanosomes (stages I–
III) was counted in each melanocyte, and then the number of melanosomes
per unit area (1 µm2) in the cytoplasm of melanocytes was calculated for
each subject.
Tyrosinase assay Tyrosinase activity in cell homogenates was assayed accord-
ing to the method of Iozumi et al (1993). Briefly, cell pellets
(1–2 3 105 cells) were sonicated in 0.5 ml of 0.1 M sodium phosphate buffer
(pH 6.8) containing 0.1 mM PMSF and, where indicated, 0.5% Triton X-100,
and 50 µl aliquots were incubated in 0.5 ml of a reaction mixture consisting
of 0.1 mM tyrosine, 2 µCi [3H]tyrosine per ml, 0.1 mM L-DOPA, and 0.1 mM
PMSF in 0.1 M sodium phosphate buffer (pH 6.8). After removing non-reacted
[3H]tyrosine through three cycles of absorption into activated charcoal (10%
wt/vol in 0.1 N HCl), aliquots of supernatants were assayed for release
of 3H2O. The tyrosine hydroxylase activity of tyrosinase was expressed as
disintegrations per min 3H2O released per µg protein per h minus the nonspecific
incorporation of radioactivity.
Melanin assay For melanin measurements, cultured melanocytes were
removed from flasks by trypsin and were centrifuged at 220 3 g for 15 min.
The cell pellets were washed once in phosphate-buffered saline and incubated
in 1 N NaOH for 48 h at 37°C, and the absorbance was measured at 475 nm
(Friedmann and Gilchrest, 1987). The melanin content was calculated with the
help of a standard curve constructed using synthetic melanin and the values
were expressed as nanograms melanin in per 1 µg of protein.
Total protein determination and melanocyte count Protein content was
determined using the Coomassie Brilliant Blue G-250 colorimetric Bio-Rad
Protein assay (Reisner et al, 1975). The number of cultured melanocytes was
measured by actual counting within the whole dishes under a phase-contrast
microscope (Nikon LWD 0.52).
Effect of neuropeptides on melanocyte dendricity To determine the
effect of neuropeptides or NGF on melanocyte dendricity, we plated 5 3 103
melanocytes per cm2 in 12.5 cm2 flasks in triplicate. Cells were incubated in
the presence of 100 nM of each neuropeptide or NGF in melanocyte growth
medium. At 48 h after supplementation, phase-contrast photomicrographs of
unstained cells were taken through the above-mentioned Nikon inverted
microscope, and were used to assess melanocyte morphology and dendrite
formation (Gilchrest et al, 1993). Cells with at least one thin process longer
than the cell body diameter were classified as dendritic (De Luca et al, 1994).
At least 200 cells from at least 10 different representative fields of micrographs
were evaluated for each condition. The number of all dendrites was counted
and divided by the number of dendritic cells to yield the average dendrite
number per cell. In addition, the total length of dendrites was measured with
a computer-aided image analysis system (NIH) (Hara et al, 1995; Toyoda and
Morohashi, 1998).
Statistical analysis All data were analyzed using EXCEL (Microsoft,
Redmond, WA) statistical software on a Macintosh personal computer. Paired
and unpaired Student’s t tests were applied for statistical comparison. p,0.01
was considered a statistically significant difference.
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Figure 3. Ultrastructural characterization of melanocytes during stimulation of organ-cultured human skin with CGRP. Every 6 h after starting the
culture, skin explants supplemented with 100 nM CGRP were processed for transmission electron microscopy, as described in Materials and Methods. Melanocytes
(M) of control skin (a) cultured for 72 h in medium alone show subtle signs of melanogenesis. The surrounding keratinocytes (K) contain small numbers of
melanosomes (arrow). Melanocytes (M) in skin explants 24 h after supplementation with CGRP (b) show increased numbers of mitochondria (m) within the
cytoplasm. Skin explants 48 h after incubation with CGRP (c) show elongation of dendrites (d) of melanocytes (M). Melanocytes (M) in skin explants 72 h after
exposure to CGRP (d–f) show a multinucleated appearance (d), developed rough endoplasmic reticulum (ER) (e), and have increased numbers of melanosomes in
stages I–III (arrows) (f). Donor: adult postauricular skin. Scale bars: 5 µm (a–e), 0.5 µm (f).
RESULTS
Morphologic observation and quantitative assessment of melan-
ocytes in organ-cultured skin The organ-cultured human skin
supplemented with CGRP or NGF, under hematoxylin and eosin
staining, revealed increases in melanin content that were confirmed by
Fontana Masson staining, and in the number of cells with clear
cytoplasm, which were shown to be Dopa-positive in the epidermal
basal layer, compared with controls (Fig 1). CGRP and NGF induced
statistically significant increases in melanin content per unit area within
the epidermis and in the number of Dopa-positive melanocytes
compared with controls (Fig 2). Differences in response to each
neuropeptide or to NGF of melanin content and melanocyte number
among different donors were so minimal as to be negligible.
The ultrastructure of normal human skin explants for the duration
of culture was identical to that of non-cultured human skin, with no
evidence of medium- or additive-related cytotoxicity. Melanocytes
cultured in skin explants in medium only showed subtle signs of
melanogenesis during the culture period. Ultrastructural alterations
were observed in melanocytes of CGRP-stimulated skin explants
where an increase in cell volume, development of cytoplasmic organ-
elles, including mitochondria and endoplasmic reticulum, and elonga-
tion of dendritic processes of melanocytes appeared to progress with
the culture period. In addition, mature as well as immature melanosomes
were remarkably increased in number in cultures supplemented with
CGRP as compared with the control cultures. Melanocytes showing
a binucleated or multinucleated appearance were found within 72 h
of exposure to CGRP (Fig 3). Melanocytes exposed to NGF for 72 h
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Figure 4. Ultrastructural features of
melanocytes in organ-cultured human
skin exposed to NGF for 48 h (a) or 72 h
(b). (a) A melanocyte shows well-developed
cytoplasmic organelles and a number of mel-
anosomes. (b) A melanocyte possesses a num-
ber of melanosomes, lipid droplets, and
abundant intracytoplasmic organelles. Donor:
5-yr-old, foreskin. Scale bars: 5 µm.
Figure 5. Ultrastructural alterations of
melanocytes in organ-cultured human
skin stimulated with NPY for 48 h. NPY
appears to induce degenerative changes in
melanocytes, which are characterized by a
higher electron density of cytoplasm with
disrupted mitochondria and membrane-
limiting large intracytoplasmic vacuolar
structures, and nuclei with condensed
chromatin. Donor: adult buttock skin. Scale
bar: 5 µm.
also possessed abundant intracytoplasmic organelles and numerous
melanosomes in stages I–III (Fig 4). On the other hand, NPY induced
degenerative changes of melanocytes that were characterized by higher
electron density of cytoplasm with membrane-limiting large intracyto-
plasmic vacuolar structures and disrupted mitochondria, and by nuclei
with condensed chromatin (Fig 5). Other neuropeptides examined
showed no effects and had melanocytes with ultrastructural features
similar to the control cultures.
To examine and quantify the degree of melanosome maturation at
the ultrastructural level, the number of melanosomes in stages I–III
per unit area of melanocyte cytoplasm was examined, as described in
Materials and Methods. A statistically significant increase in melanosomes
was observed in melanocytes of skin explants supplemented with
CGRP or NGF, and the number decreased in melanocytes treated
with NPY. The effect of CGRP or NGF treatment on the number of
melanosomes in stages I–III was dose- and time-dependent (Fig 6).
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Figure 6. Effects of neuropeptides and NGF on the number of
melanosomes in stages I–III within melanocytes in organ-cultured
human skin. (A) Skin explants were processed for transmission electron
microscopy 72 h after exposure to 100 nM neuropeptide or NGF. The number
of melanosomes in stages I–III per 1 µm2 of melanocyte cytoplasm were
quantified as described in Materials and Methods. (B) Effects of various
concentrations of NGF, CGRP, or NPY on the number of melanosomes. The
experimental conditions are as described in Materials and Methods. (C) Time-
dependency of effects of NGF and CGRP on the increased number of
melanosomes. The experimental conditions are as described in Materials and
Methods. Graph represents means6SD from 10 different donors. Statistical
analysis was performed using Student’s t test. *Significantly different from
control, at p,0.01.
SP, VIP, NPY, and SOM induced no significant changes in the number
of melanosomes.
Effects of neuropeptides and nerve growth factor on melano-
genesis in cultured melanocytes We evaluated the effects of
exogenous neuropeptides and NGF on melanocytes and found that
Figure 7. Effects of neuropeptides and NGF on tyrosinase activity in
melanocyte cultures. (A) Normal human melanocytes (passages 3–5) were
maintained in triplicate for 72 h under basal or stimulated conditions, as specified
in Materials and Methods, and assayed for tyrosinase activity. Medium conditioned
by neuropeptides- or NGF-stimulated keratinocytes was collected 72 h after
exposure and added to melanocyte growth medium at 10% (vol/vol). Values
reported are means6SD from triplicate determinations in two experiments.
*Significantly different from control 1 KCM, at p,0.01; **different from
CGRP 1 CGRP-KCM, at p,0.01. (B) Medium conditioned by CGRP-
stimulated keratinocytes was collected 24, 48, and 72 h after exposure, and
added to melanocyte growth medium at 1%, 5%, or 10% (vol/vol). Melanocytes
were then cultured for 72 h and assayed for tyrosinase activity. Values reported
are data from one representative experiment, and represent means6SD.
there was no specific stimulation of melanogenic activity by any agent
used alone compared with control culture, as indicated by tyrosinase
activity and melanin content. The addition of CGRP-KCM, however,
increased melanogenic activities as measured by both melanogenic
assays, whereas KCM stimulated with other agents tested showed no
stimulatory effects (Figs 7A, 8A). We further examined the upregula-
tory effect of CGRP-KCM on melanogenic activity by examining
time- and dose-dependence of treatment with CGRP-KCM (Figs
7B, 8B). Increases in tyrosinase activity and melanin content showed
time- and dose-dependency on CGRP-KCM, confirming that CGRP
may cause the release of keratinocyte-derived melanogenic factors into
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Figure 8. Effects of neuropeptides and NGF on melanin synthesis in
melanocyte cultures. (A) Normal human melanocytes (passages 3–5) were
maintained for 72 h under basal or stimulated conditions, as specified in Materials
and Methods, and assayed for melanin content. Medium conditioned by
neuropeptides- or NGF-stimulated keratinocytes was collected 72 h after
exposure and added to melanocyte growth medium at 10% (vol/vol). Values
reported are means6SD from triplicate determinations in two experiments.
*Significantly different from control or control 1 KCM, at p,0.01; **different
from CGRP 1 CGRP-KCM, at p,0.01. (B) Medium conditioned by CGRP-
stimulated keratinocytes was collected 24, 48, and 72 h after exposure, and
added to melanocyte growth medium at 1%, 5%, or 10% (vol/vol). Melanocytes
were then cultured for 72 h and assayed for melanin content. For assay details,
see Materials and Methods. Melanin content values reported are means of five
assays6SD.
the medium. To confirm that the increase in melanin content was due
to increased synthesis of melanin, correlation between the melanogenic
assays was evaluated using linear regression analysis. A strong correlation
was observed between melanin content and tyrosinase activity (Fig 9).
Melanocytes maintained in medium with or without bFGF showed
proportionately similar increases in both melanogenic assays in response
to CGRP-KCM, although baseline values in the medium containing
bFGF were approximately 10% higher than those in medium without
bFGF (data not presented).
Figure 9. Correlation between melanin content and tyrosinase activity
in CGRP-stimulated melanocytes. Normal human melanocytes (passages
3–5) were maintained for 72 h in medium containing 10–10–10–6 of CGRP or
various concentrations of CGRP 1 CGRP-KCM, as specified in Materials and
Methods, and assayed for tyrosinase activity and for melanin content. A strong
correlation between these measurements is apparent (p 5 0.0003, r 5 0.955).
Effects of neuropeptides and nerve growth factor on melanocyte
dendricity To determine the effects of neuropeptides and NGF on
melanocyte dendricity, we maintained melanocytes in control medium
containing each agent alone or in medium conditioned by keratinocytes
stimulated with each agent, and the average dendrite number and
dendrite length per cell were analyzed. Melanocytes in the control
medium had short, unipolar, or bipolar dendrites, whereas most
melanocytes stimulated with NGF possessed multiple, long dendrites.
Melanocytes stimulated with CGRP also showed a number of thin
dendrites extending outward from the cell bodies. CGRP-KCM further
induced elongation of dendritic processes of melanocytes radiating in
different directions (Fig 10). CGRP and NGF were found to signific-
antly enhance melanocyte dendricity, as evaluated by both dendritic
parameters. The melanocyte dendricity stimulated by CGRP was
further significantly enhanced by addition of CGRP-KCM, where the
enhanced values were equivalent to those of NGF, whereas NGF-
KCM did not further augment dendricity above that observed with
NGF alone (Fig 11).
DISCUSSION
This study demonstrates that CGRP, a neuropeptide known to be
present in intraepidermal nerve fibers and to induce melanocyte
proliferation, upregulates melanogenesis, including melanosome
maturation, tyrosinase activity, and melanin content in melanocytes,
via secondary signals from the surrounding CGRP-stimulated keratino-
cytes. CGRP alone, however, is not capable of directly stimulating
melanogenesis. Our data also suggested that some CGRP-induced
mediators derived from keratinocytes might augment melanocyte
dendricity.
Quantitative analysis of melanin content within the epidermis and
the number of melanosomes in stages I–III in melanocytes of organ-
cultured skin stimulated with CGRP showed significant increases in
epidermal melanin content and the number of melanosomes. CGRP-
KCM upregulated melanogenesis, as indicated by tyrosinase activity
and melanin content, in a pure culture system of melanocytes, although
treatment with CGRP alone had no effect on this melanogenic ability.
These combined data suggested that CGRP might exert melanogenic
effects through the keratinocytes.
Several recent studies have shown that keratinocytes significantly
contribute to the differentiation, proliferation, and dendrite formation
of melanocytes through mediators such as prostaglandins, growth
factors, and cytokines (Nordlund et al, 1986; Tomita et al, 1987; Abdel-
Malek, 1988; Ellem et al, 1988; Halaban et al, 1988; Gordon et al,
1989; Imokawa and Tejima, 1989; Morelli et al, 1989; Yaar et al, 1991;
Imokawa and Motegi, 1993; Hara et al, 1995; Gilchrest et al, 1996;
Puri et al, 1996). Imokawa and Motegi (1993) studied melanogenic
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Figure 10. NGF, CGRP, and CGRP-
KCM increase melanocyte dendricity.
Melanocytes were maintained for 48 h in
triplicate under various conditions, and then
phase-contrast photomicrographs were taken
as described in Materials and Methods. (a)
Melanocyte cultures in the control medium,
(b, c) 48 h after stimulation with 100 nM
NGF (b) or CGRP (c), and (d) in
supplementation with 10% CGRP-KCM.
Scale bar: 50 µm.
Figure 11. Effect of neuropeptides and
NGF on melanocyte dendricity. Melano-
cyte cultures were stimulated for 48 h in
basal or stimulated conditions, as specified
in Materials and Methods. Average dendrite
numbers per cell (A) and average total dendrite
lengths per cell (B) were determined in at
least 10 different representative phase-contrast
micrographic fields. Data reported are
means6SD of six experiments. *Significantly
different from control or control 1 KCM, at
p,0.01; **different from CGRP 1 CGRP-
KCM, at p,0.01.
responses to exogenous stimuli in organ cultures of pigmented guinea
pig skins. They reported that, among several growth factors tested,
prostaglandin E2, leukotriene C4, leukotriene B4, and 5-HETE signi-
ficantly stimulate melanogenic activity, and that bFGF significantly
stimulated melanogenesis in organ cultured melanocytes. Puri et al
(1996) also reported that bFGF is a potent promoter of melanocyte
growth as well as melanogenesis in a pure culture system of melanocytes.
It is important to point out that the melanocyte growth medium used
in this study contained 3 ng bFGF per ml, which is the optimal
concentration to promote melanin synthesis in cultured melanocytes
according to their report. Melanocytes, however, were maintained in
the same growth medium in all our experiments and the data obtained
were compared with those in the control cultures. Results in cell
cultures using medium with or without bFGF were identical, and
melanocytes maintained in both media gave proportionately similar
increases in tyrosinase activity and melanin content, although absolute
values in the medium without bFGF were approximately 10% lower
than those in medium with bFGF. Taken together, these results
indicated that the effect of CGRP on melanogenesis seen in this study
occurred independently without direct influence of bFGF.
Ultraviolet radiation is the only well-defined physiologic stimulant for
human melanogenesis. The light and electron microscopic observations
presented herein revealed CGRP-stimulated increases in dendrite
formation, melanosome number, and degree of melanization in melano-
cytes, which are analogous to the well-recognized melanocyte changes
following exposure of the skin to sunlight (Montagna et al, 1989;
Toyoda and Morohashi, 1998). We have previously reported that the
number of intraepidermal nerve endings in sun-exposed human facial
skin is approximately ten times more numerous than that in skin
protected against sunlight (Toyoda et al, 1996). Furthermore, immuno-
histochemical studies revealed that the frequency of contacts between
CGRP-containing nerve fibers and melanocytes was signi-
ficantly increased in sun-exposed skin compared with skin protected
against sunlight (unpublished data). Thus, interactions between intra-
epidermal nerves, especially CGRP-containing nerve fibers, and melan-
ocytes may play an important role in ultraviolet-irradiated skin.
The tanning response relies on ultraviolet-stimulated increases in the
production and release of numerous keratinocyte-derived factors,
including bFGF, NGF, endothelin-1, and the proopiomelanocortin-
derived peptides such as melanocyte-stimulating hormone, adrenocort-
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icotropic hormone, beta-lipotropic hormone, and beta-endorphin.
These factors variably induce melanocyte mitosis, upregulation of
melanogenesis, and enhancement of melanocyte dendricity (Gilchrest
et al, 1996). This study implies that the effects of CGRP on melanocytes
may resemble events within the epidermal melanin unit following
exposure to ultraviolet.
We previously reported that CGRP has a mitogenic effect on
melanocytes through the cAMP pathway (Hara et al, 1996); however,
in this study, no significant differences in melanocyte number were
found between cultured melanocytes stimulated with CGRP alone or
with CGRP-KCM, suggesting that CGRP is capable of stimulating
mitosis of melanocytes directly in contrast to its melanogenic effects
via keratinocyte-derived factors. At least two pathways of activation
of melanogenesis have been documented. One is mediated by a cAMP-
dependent system such as α-melanocyte-stimulating hormone (O’Keefe
and Cuatrecasas, 1974), and the other, represented by retinoids (Lotan
and Lotan, 1981; Hosoi et al, 1985), steroids, and vitamin D3 (Hosoi
et al, 1985), is via cAMP-independent mechanisms.
The results of the present investigation also indicated that CGRP
enhanced melanocyte dendricity, as represented by the number of
dendrites per cell and the average dendrite length per cell. The effect
of CGRP-KCM on melanocyte dendricity was almost equivalent to
that of NGF, a well-known inducer of melanocyte dendricity (Yaar
et al, 1991), indicating that keratinocytes appear to be a major source
of exogenous signals capable of inducing melanocyte dendricity. Besides
NGF, possible keratinocyte-derived factors previously reported to
increase melanocyte dendricity include endothelin-1 (Hara et al, 1995),
bFGF (Halaban et al, 1988), α-melanocyte-stimulating hormone (Snell,
1964), and prostaglandin E2 (Abdel-Malek, 1988). These factors may
be released from keratinocytes by CGRP stimulation and may affect
melanocyte dendricity.
This study revealed a strong correlation between melanin content
and tyrosinase activity in melanocytes stimulated with CGRP-KCM,
confirming that the increase in melanin content is due to upregulation
of melanin synthesis. On the other hand, NPY induced degenerative
changes in melanocytes characterized by electron-dense cytoplasm
and condensed chromatin of nuclei, followed by a concentration-
independent decrease in melanosome number per unit area, whereas
tyrosinase activity and melanin content were not significantly decreased
in NPY-supplemented cultured melanocytes. This discrepancy between
morphologic and biochemical findings could be explained, at least in
part, by the speculation that retained melanin synthesis seen in the
biochemical assay in melanocytes stimulated with NPY may be the
consequence of nonspecific effects of NPY mediated through oxidation
of melanin precursors, or by the selective loss of degenerate, less
pigmented cells during long-term exposure to NPY.
Yaar et al (1991) demonstrated that tyrosinase mRNA levels remain
unchanged after exogenous addition of NGF to melanocyte cultures.
Our biochemical study also showed no significant effects on tyrosinase
activity or melanin synthesis in a pure culture system of melanocytes,
whereas morphologic observations revealed that NGF appeared to
enhance melanogenesis, represented by epidermal melanin content and
melanosome maturation. Keratinocytes constitutively produce NGF,
which plays a major paracrine role for keratinocytes in the regulation
of melanocyte function (Yaar et al, 1991; Di Marco et al, 1991).
Moreover, because dermal components, including fibroblasts (Anand
et al, 1995) and mast cells (Nilsson et al, 1997), are known sources of
NGF, melanocytes of organ-cultured skin may be exposed to higher
concentrations of NGF that interact with melanocytes, compared with
cultured melanocytes where NGF is only exogenously supplied. It is
not entirely clear at present whether the effect of NGF on melanogenesis
is influenced by local concentrations of NGF, and we reserve this for
further study.
In conclusion, the data presented here demonstrate effects of CGRP
on melanocyte morphology and function via some keratinocyte-
derived melanotropic factors. The effects include increases in melano-
cyte number, total epidermal melanin content, melanosome maturation,
and dendrite formation. Ongoing studies to characterize the complex
interactions between the behavior of melanocytes and the cutaneous
nervous system should provide a better understanding of the regulatory
mechanisms of melanocyte biology within the epidermal environment.
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